In light of BICEP2, we reexamine single field inflationary models in which the inflaton is a composite state stemming from various four-dimensional strongly coupled theories. We study in the Einstein frame a set of cosmological parameters, the primordial spectral index n s and tensor-to-scalar ratio r, predicted by such models. We confront the predicted results with the joint Planck data, and with the recent BICEP2 data. We constrain the number of e-foldings for composite models of inflation in order to obtain a successful inflation. We find the minimal composite inflationary model is fully consistent with the Planck data. However it is in tension with the recent BICEP2 data. The observables predicted by the glueball inflationary model can be consistent with both Planck and BICEP2 contours if a suitable number of e-foldings are chosen. Surprisingly, the super Yang-Mills inflationary prediction is significantly consistent with the Planck and BICEP2 observations.
Introduction
Nowadays, inflationary models gain a lot of interest. The inflationary paradigms [1, 2, 3, 4, 5] tend to solve important issues, e.g. the magnetic monopoles, the flatness, and the horizon problems, and subsequently provide the mechanism for generation of density perturbations as seed for the formation of large scale structure in the universe. Most models of inflation so far were formulated by introducing new scalar fields (called inflaton) with a nearly flat potential appearing in many paradigms, e.g. [6, 7, 8, 9, 10] , and even in superstring [11, 12] and supergravity theories [13, 14, 15, 16] .
However, the theories featuring elementary scalar fields are unnatural meaning that quantum corrections generate unprotected quadratic divergences which must be fine-tuned away if the models must be true till the Planck energy scale. Hence, this is the main reason why the authors in [17, 18, 19] investigated inflation in which the inflaton need not be an elementary degree of freedom. Recent investigations show that it is possible to construct models in which the inflaton emerges as a composite state of a four-dimensional strongly coupled theory. We called these alternative paradigms composite inflation. There were other models of super or holographic composite inflation [20, 21, 22, 23, 24, 25, 26, 27] . In order to constrain the inflationary theory, recent investigations contain hundreds of different scenarios [28] .
Most frequently, we added a term in which the inflaton field, φ, non-minimally coupled to gravity to the action, say ξφ 2 R/M 2 P . This term has purely phenomenological origin. The reason resides from the fact that one want to relax the unacceptable large amplitude of primordial power spectrum generated if one takes ξ = 0 or small. However, it is instructive here to provide some insight on how a non-minimal coupling can be naturally formed. An instructive analysis of the generated coupling of a composite scalar field to gravity has been initiated in the Nambu-Jona-Lasinio (NJL) model [29] . In this case, a composite field is a chiral condensate, H, from the NJL model which couples to gravity via a coupling term very similar to that we deploy in this work. The presence of the induced non-minimal coupling of the boundstate object to gravity, ξH † HR with ξ a coupling constant, and R the (Ricci) scalar curvature, can be implemented from the symmetric phase of the theory, i.e. a massless case, or from the broken phase when <H> = v 0 providing the non-minimal term, √ 2ξvφR where H ≡ v + φ/ √ 2 with v the vacuum expectation value of H. However, the results of ξ are the same. In principle, we can transform such a term into another form by applying the conformal transformation (see detailed discussion in [30] ). Among many frames, the Jordan frame and the Einstein frame are those discussed in the community. Roughly speaking, physics looks different in two different conformal frames. However, physical conclusions remains the same in a weak gravitational field limit [30] .
In this work, we study observables, i.e. the scalar spectral index n s and tensor-to-scalar ratio r, in the Einstein frame predicted by the composite inflationary models recently proposed. We will briefly present the concept of conformal transformation. We then compute the power spectrum for the primordial curvature perturbations and the tensor-to-scalar ratio for various composite inflationary models in the Einstein frame. Next we constrain the models by placing our results into the (r, n s ) plane implemented by using the observational bound for n s and r from the Planck data and also confront the results with the recent BICEP2 data. Finally, some comments about our results are made in the last section.
Composite Setup and Conformal Transformation
We consider a generic strongly-interacting theory non-minimally coupled to gravity. For the model of inflation, we identify the inflaton with one of the lightest composite states of the theory and denote it with Φ. This state has mass dimension d. The action for the composite models studied below can be written in the general form
where F (Φ) and G(Φ) can in general be an arbitrary function of the composite field Φ. F (Φ) gives rise to the non-minimal coupling ξΦ 2/d R. To recover the ordinary Einstein theory of gravity at low energy, we deduce
where v is the vacuum expectation value of the field Φ at the end of inflation and M 2 P = (8πG) −1/2 ≃ 2.436 × 10 18 GeV is the reduced Planck energy scale. According to the models of single-field inflation [17, 18, 19] in which the inflaton is a composite state stemming from various strongly-interacting theories well-known in particle physics, in this work, we write F (Φ) and G(Φ) in the form as follows:
where the non-minimal coupling to gravity is controlled by the dimensionless coupling ξ. With the non-minimal coupling term phenomenologically introduced, one need to diagonalize into another form by applying a conformal transformation. The conformal transformation transforms a metric tensor g µν into another metricg µν according to the rule
such thatg
Hereafter we drop tildes to express variables in the Einstein frames. Applying the conformal transformation leads to the Einstein frame and the action reads
where prime denotes derivative over the field Φ. We arrived at an involved kinetic term for the inflaton. It is convenient to introduce a canonically normalized field χ related to Φ via
In terms of the canonically normalized field we come up with the standard fashion
In this work, we will examine the dynamics in the Einstein frame, and therefore express the slow-roll parameters in terms of U and χ:
where " ′ " denotes derivative with respect to the field Φ. Slow-roll inflation ends when ǫ = 1, with the corresponding field value Φ end . The horizon exist when the field value equals Φ ini which is determined by the number of e-foldings N . This parameter is given by
Here we express the number of e-foldings for the change of the field χ (or equivalently Φ) from χ end to χ ini and will use the above mathematical framework to examine the composite-field models in Sec.(4).
Inflationary Observables
In this section, we will briefly review the study of the scalar and tensor perturbations. This leads to obtaining the required inflationary predictions, e.g. the spectral index and tensor-to-scalar ratio. Our starting point here is the action given in Eq. (7). We will derive the parameters by closely following the work presented in [37] for "Generalised G-inflation" using the unitary gauge. In the unitary gauge χ = χ(t), it is kind of tradition to begin with the perturbed metric as [31] 
where N is a lab function, and N i is the shift vector which are respectively defined as:
where α, β and ζ scalar perturbations and h ij is a tensor perturbation satisfying the condition
Physically, the lapse function represents the rate of flow of proper time with respect to the coordinate time. Substituting the perturbed line-element given in Eq. (11) into the action (7) and expanding it to the second order, we obtain [37]
Note that with the definition in [37] in this case the sound speed equals unity, c T = 1. The tensor perturbations can be canonically renormalised via the following re-definitions:
Plugging these new parameters, the above quadratic action becomes
where a prime represents derivative with respective to the conformal time τ. It is common to transform the action and re-express the resulting one in terms of the Fourier modes, and one can basically show that the evolution equation from the action in Eq. (15) is given by
The normalized solution to this perturbation equation can be conventionally written in terms of the Hankel function so that we obtain the power spectrum of the primordial tensor perturbation at the horizon exits c T k|τ| = 1 [37] as
where
and the tensor spectral tilt is given by n T = 3 − 2ν T = −2ǫ + O(ǫ 2 ). Now we turn to considering the scalar fluctuations. This can be achieved by setting h ij = 0 in the perturbed line-element mentioned in Eq. (12). Here we proceed in the same manner as for the tensor perturbations. For the scalar perturbations, we arrive with the second order action [37]
where ǫ is already given in Eq. (8), and the sound speed is also unity, c S = 1, in this case. The above action can be canonically renormalised via the following re-definitions:
where a prime represents derivative with respective to the conformal time τ. It is common to transform the action and re-express the resulting one in terms of the Fourier modes, and one can basically show that the evolution equation from the action (21) is given by
The normalized solution to this perturbation equation can be conventionally written in terms of the Hankel function so that we obtain the power spectrum of the primordial scalar perturbation at the horizon exits c S k|τ| = 1 [37] as
and the spectral index is given by n s − 1 = 3 − 2ν S = −6ǫ + 2η + O(ǫ 2 , η 2 ). Moreover, the tensor-toscalar ratio is defined by
Recently, the Planck satellite data showed that the spectral index n s of curvature perturbations is constrained to be n s = 0.9603 ± 0.0073 (68% CL) and ruled out the exact scale-invariance (n s = 1) at more than 5σ confident level (CL), whilst the tensor-to-scalar ratio r is bounded to be r < 0.11 (95% CL). Most recently, the observed B-mode power spectrum provides the tensor-to-scalar ratio r = 0.20
with r = 0 disfavoured at 7.0σ CL [43] . These constraints are used to falsify the most popular and simple inflationary models.
Predictions from Composite Inflation
According to the composite paradigms considered in this work, it was potentially shown that the models of composite inflation nicely respect tree-level unitary for the scattering of the inflation field during inflation all the way to the Planck scale. In this section, we consider composite inflationary models that can be described by the primordial power spectrum observables consisting of the spectral index, n s , and the tensor-to-scalar ratio, r, derived in the Einstein frame. In the following computations, we assume a large non-minimal coupling ξ ≫ 1 and a large field approximation, i.e. ϕ 2 ≫ M 2 P /ξ, is also implemented. For later convenience, we express the inflationary parameters in terms of the number of e-foldings..
• Minimal Composite Inflation (MCI)
The first model of composite inflation we will examine is recently investigated in [17] . According to this paradigm, they engaged the simplest models of technicolor passing precision tests well known as the minimal walking technicolor (MWT) theory [33, 34, 35, 36] with the standard (slow-roll) inflationary paradigm as a template for composite inflation. The inflaton field in this case is the lightest composite state emerging from a bilinear condensate of techni-quarks with d = 1. With the large field approximation, the action in the Jordan frame reads [17] 
where κ is a self coupling which is constrained by the underlying theory to be of the order of unity. For this model, we have
Here we can diagonalize the inflaton-gravity sector by performing the conformal transformation already discussed in the previous section. After taking the conformal transformation, the resulting action in the Einstein frame reads
where for a large field approximation
This leads to the potential in the Einstein frame as
with Ω(χ) 2 ≃ exp 2χ
With the large field approximation, we can derive the following slow-roll parameter in terms of the field ϕ(or χ) as
Inflation ends when ǫ = 1 such that
In the large field limits, the number of e-foldings reads
Using eqs. (8)- (10), it is straightforward to express the inflationary predictions in terms of the number of e-foldings, and find the Einstein frame parameters:
Here we kept to the lowest order in 1/ξ to derive the spectral index and the tensor-to-scalar ratio. It is worthy to note here that the higher corrections • Glueball Inflation (GI)
In this section, we consider the work presented in [18] as the model motivated by a pure YangMills theory. In this case, the inflaton is the lightest glueball field with d = 4. The reason why we want to continue analysing composite inflation by following such model resides from the fact that this theory features the archetype of any composite paradigm in flat space and consequently of models of composite inflation. The low-energy effective Lagrangian of the lightest glueball state can be found in [38, 39, 40] .
It is worthy to note here that the theory we are using describes the ground state of pure YangMills theory, and of course is not the simple φ 4 theory. Another difference from the φ 4 theory is that the form of the effective potential, before coupling to gravity, is completely fixed by the underlying gauge theory. The action in the Jordan frame in this case reads [18] 
which yields
Imposing the conformal transformation, the resulting action in the Einstein frame reads
which leads to the potential in the Einstein frame for a large field approximation as
Here we have left the explicit dependence on the field ϕ possessing unity canonical dimension instead of using the canonically normalized new scalar field χ. However, we can express the resulting potential in terms of the field χ by substituting ln(ϕ/Λ) = χ/ √ 6M P into the potential given in Eq. (38) . With the large field approximation, we can derive the following slow-roll parameter
Using eqs. (8)- (10), the inflationary predictions in terms of the number of e-foldings in the Einstein frame parameters read
where we have assumed ϕ ini ≫ ϕ end . We also have kept to the lowest order in 1/ξ to derive the spectral index and the tensor-to-scalar ratio and neglected the higher corrections of 1/ξ and 1/N suppressed to these expressions. [30, 80] . Concretely, more detailed discussions will be added in the last section.
• Super Yang-Mills Inflation (SYMI)
The application of the supersymmetric version of a pure Yang-Mills (SYM) has been investigated in various cornerstones. Here we consider for inflation the bosonic part of the VenezianoYankielowicz effective theory. For inflationary model building, the gluino-ball state in the super Yang-Mills theory is assigned as the inflaton with d = 3. The effective Lagrangian in supersymmetric gluodynamics was constructed in [41] . Having already stamped as the model of composite inflation, the authors of [19] took the scalar component part of the super-glueball and coupled it non-minimally to gravity. The action of the theory in term of the canonical-dimension field ϕ reads [19] 
with N c a number of colours and α a N c -independent quantity. With the action given above, we find
However, the gravity-scalar coupled sector can basically be diagonalised by imposing the conformal transformation. We find the resulting action in the Einstein frame as
where we have also left the explicit dependence on the field ϕ instead of using the canonically normalized new field χ. With the large field approximation, we can derive the following slow-roll parameter
Performing the similar approximations to those of the previous subsection, the number of efoldings for this model in the large ξ limit reads
Using eqs. (8)- (10), the inflationary predictions, i.e. n s , r, in terms of the number of e-foldings in the Einstein frame read
In order to derive these parameters, we have kept to the lowest order in 1/ξ and neglect the higher corrections of 1/ξ and 1/N . We find for this model from Eq. (50) that n s ⊆ [0.933, 0.975] and r ⊆ [0.100, 0.267] for N ⊆ [30, 80] . In the last section, we will summarize our findings for this model.
• Orientifold Inflation (OI)
The authors of [19] examined the supersymmetric low-energy effective action to study inflation driven by the gauge dynamics of SU(N) gauge theories adding one Dirac fermion in either the twoindex antisymmetric or symmetric representation of the gauge group. Such theories are known as orientifold theories. Here the gluino field of supersymmetric gluodynamics is replaced by two Weyl fields which can be formed as one Dirac spinor. For investigating the inflationary scenario, the orientifold sector non-minimally coupled to gravity in the Jordan frame action is implemented in [19] . For this investigation, we write the action by using the real part of the field ϕ as [19] 
) and hereafter we will keep only leading order in 1/N c . With the action given above, we find
As usually proceeded in the standard fashion, we impose the conformal transformation and then find the resulting action in the Einstein frame
with N c being a number of colours. Note that at large-N c the theory features certain super YangMills properties, i.e. F(N c ) → N 2 c . With this limit, the transformed potential reduces to that of (46). With the large field limit, we can derive the following slow-roll parameter
where ϕ SYMI, end can be directly obtained from Eq. (48). According to this model, the number of e-foldings in the large ξ limit is approximately given by
Using eqs. (8)- (10), the predictions in the Einstein frame for n s and r of this model can consequently written in terms of the number of e-foldings as
Notice that for large N c the observables given above features the Super Yang-Mills inflation since γ → 0.
Summary
In this last section we summarise our findings by which we confront the predictions of composite inflationary models with Planck and also very recent BICEP2 data and then plot our results on the constraint contours illustrated in Fig. (1) . Moreover, recent study in the Jordan frame the primordial spectral index and tensor-to-scalar ratio predicted by composite models has been discussed in [32] . For this work, the following is our remarks.
The first model of composite inflation (MCI) is inspired by models of dynamical electroweak symmetry breaking with the Higgs-like potential. Here the Higgs sector of the SM is replaced by a new underlying four-dimensional gauge dynamics free from fundamental scalars and the Higgs field is therefore composite state. We discover for model that the predictions can satisfy the 1σ CL of the Planck data for 35 N 60. Moreover, the model predictions can be consistent with the Planck data up to the 2σ CL if we choose 33 N 80. However, we find that the MCI model is in tension with the recent BICEP2 data. This is so since the model predictions yield quite small values of both r and n s if we consider large ξ limit. For a small ξ case, there have been discussed in [32] . In order to satisfy up to the 2σ CL of Planck data, we discover the number of e-foldings N should not be greater than 80. The contours show the resulting 68% and 95% confidence regions for the tensor-to-scalar ratio r and the scalar spectral index n s . The red contours are for the Planck data combination, which for this model extension gives a 95% bound r < 0.26 (Planck Collaboration XVI 2013 [42] ). The blue contours represent the BICEP2 constraint on r shown in the centre. The dot-line joints show the results of composite models examined in this work (MCI, GI, SYMI) assuming the number of e-foldings N to the end of inflation ranges in the interval N ⊆ [30, 80] . this model can be consistent with the 2σ region of the Planck contours. Interestingly, we discover for this model that the predictions can satisfy the 1σ CL of the BICEP2 data for 30 N 35, and up to 2σ CL if we choose 25 N 45. In order to satisfy upto the 2σ CL of Planck and BICEP2 data, we discover the number of e-foldings N should not be greater than 60 and 45, respectively.
Finally, the SYMI model features the supersymmetric version of a pure Yang-Mills properties. The model provide an interesting class of inflationary model. Apparently, the SYMI predictions are significantly consistent with the Planck and BICEP2 constraints. We find that in order to satisfy at the 1σ CL of the BICEP2 data, the model prefers 40 N 60. The model can be consistent with the 68% CL for both Planck and simultaneously BICEP2 data for 45 N 60, and with 95% CL for 37 N 70. For the OI model, the present of γ parameter yields small change of the predictions. However, the results from the OI model coincide with those of the SYMI for a large number of colours. In order to satisfy the 1σ and 2σ CL of the BICEP2 data, we discover the number of e-foldings N should not be greater than 60 and 70, respectively.
Another crucial consequence for the model of inflation is the (p)reheating mechanism. We anticipate to investigate this mechanism by following closely references [44, 45] . Rather interestingly, for instance, the author of [46] studied the consequent of inflation as seed of the present intergalactic magnetic field. However, the author claimed that the results after making a number of simplifying approximations should be considered to be preliminary. Therefore, it is very interesting to study the mechanism for generating an intergalactic magnetic field based on the composite inflationary manners.
